Abstract. The present study analyzed the ability of primary rat astrocytes to colonize a porous scaffold, mimicking the reticular structure of the brain parenchyma extracellular matrix, as well as their ability to grow, survive and differentiate on the scaffold. Scaffolds were prepared using poly-l-lactic acid (Plla) via thermally-induced phase separation. Firstly, the present study studied the effects of scaffold morphology on the growth of astrocytes, evaluating their capability to colonize. Specifically, two different morphologies were tested, which were obtained by changing the polymer concentration in the starting solution. The structures were characterized by scanning electron microscopy, and a pore size of 20 µm (defined as the average distance between the pore walls) was detected. For comparison, astrocytes were also cultured in the traditional 2d culture system that we have been using since 2003. Then the effects of different substrates, such as collagen i and iV, and fibronectin were analyzed. The results revealed that the Plla scaffolds, coated with collagen iV, served as very good matrices for astrocytes, which were observed to adhere, grow and colonize the matrix, acquiring their typical morphology. in addition, under these conditions, they secreted extracellular vesicles (eVs) that were compatible in size with exosomes. Their ability to produce exosomes was also suggested by transmission electron microscopy pictures which revealed both eVs and intracellular structures that could be interpreted as multivesicular bodies. The fact that these cells were able to adapt to the Plla scaffold, together with our previous results, which demonstrated that brain capillary endothelial cells can grow and differentiate on the same scaffold, could support the future use of 3d brain cell co-culture systems.
Introduction
Tissue engineering is a multidisciplinary biotechnological science, the aim of which is to produce in vitro (and then possibly in vivo) tissues resembling at best the original tissues, to be used for the therapeutic replacement/regeneration of damaged tissues, and as models for functional and toxicological in vitro studies.
in the attempt to construct suitable tissue models, a critical step is the setting of 3d-scaffolds that simulate the extracellular matrix (ecM) into which cells are normally embedded. importantly, cell behavior is controlled by signals originating from the ecM, but the cells themselves are also the producers of the ecM. Therefore a suitable scaffold is expected to be metabolized by cells and is gradually substituted with ecM molecules that can then be synthesized and secreted.
in this context, the generation of 3d cultures of brain cells is of particular interest. cells of the nervous system (including neurons, astrocytes, oligodendrocytes, pericytes, microglial cells and endothelial cells) form a highly complex system in vivo in which cells continuously exchange information in many ways, including through extracellular vesicles (eVs). eVs are comprised of different types of membrane structures, the primary types include: i) ectosomes (or microvesicles) that bud directly from the plasma membrane; and ii) exosomes, which originate from the endosomal compartment via the exocytosis of multivesicular bodies (MVBs) (1) . Given the difficulties encountered in discriminating the different classes of vesicles (2) , they are often collectively called eVs. eVs contain proteins, nucleic acids, lipids and metabolites, and many of which are clearly enriched in eVs when compared with the producing cells, thereby suggesting the existence of specific sorting mechanisms (3) . By releasing their contents to the ecM or directly into the surrounding cells, eVs have the potential to affect the structure and function of the brain, both in physiological and pathological conditions (4) (5) (6) (7) . eVs can also be involved in the distribution of pathological proteins, such as the prion protein (8) , amyloid β peptide (9) and the hyperphosphorylated tau protein (10) .
in addition to their role in cell-to-cell communication (11) , EVs are also present in biological fluids such as blood, saliva and urine, and it has been suggested that they and their contents could be used as biomarkers of specific pathologies (12) .
We previously reported that both neurons (13) and astrocytes (14) are able to release eVs in 2d culture systems. However, in 2d-cultures the topology of the cell membranes could be different than in vivo. This could also mean a different distribution of membrane lipids and lipid-metabolizing enzymes. Given the suggested importance of these latter molecules in the specific sorting of molecules to EVs and in eV formation itself, it was reasoned that a 3d model could be more suitable to study these processes.
Previous studies have revealed that it is possible to carry out 3d astrocyte culture on substrates as different as hydrogel (15, 16) , collagen (coll) (17) (18) (19) and polymeric scaffolds (20, 21) . For example, Hyysalo et al (22) demonstrated that astrocytes are able to grow on aligned poly(ε-caprolactone) nanofibers, spreading over them.
However, in all of the reported cases, the effect of the morphology of the adopted devices on cellular growth is still unclear. on the other hand, it is well known that the morphology of the scaffold markedly influences cell functions as well as tissue regeneration, which are both dependent on the size of the pores, as demonstrated in other cell types such as endothelial cells and chondrocytes, cultured on poly-l-lactic acid (Plla) (23, 24) . For these reasons, it is mandatory to rely on procedures that allow for the precise and reproducible control of the 3d support morphology, and, above all, of the pore size and porosity.
among the possible techniques available to produce porous scaffolds, thermally-induced phase separation (TiPS) is probably one of the most versatile. This technique is based on the separation of the homogeneous polymer solution induced by a variation in temperature. Through TiPS, a porous structure with a high degree of interconnection can be obtained (25, 26) . Furthermore, using a targeted temperature instead of time protocols it is possible to cover a wide range of pore dimensions (from 10 to 200 µm) (27, 28) .
Therefore, 3d-monocultures of brain capillary endothelial cells (Bcecs), as previously reported (29) , and astrocytes, which were analyzed in the present study, were tested on Plla scaffolds with the aim to set a 3d-model to be enriched over time by co-culturing more than one brain cell type, in order to study in detail intercellular communications, especially those based on EVs. Specifically in the present in vitro study, Plla scaffolds produced via TiPS were utilized as substrates for primary rat astrocyte 3d growth. different scaffold morphologies and coatings were tested in order to evaluate their influence on astrocyte growth, morphology and eV production.
Materials and methods
Scaffold preparation and characterization. all of the porous devices employed for the 3d growth of neural cells are characterized by a very small average pore size (<30-40 microns) (30) (31) (32) . in order to achieve scaffolds with a low average pore size, the present study slightly modified the protocol described in a previous study (28) . Specifically, experiments were performed at a demixing temperature of 0˚C in order to ensure that a spinodal decomposition mechanism occurred (33) . Two ternary solutions composed of Plla resomer ® l 209 S (evonik industries), 1,4 dioxane (Sigma-aldrich; Merck KGaa) and distilled water were prepared, with the same dioxane to water weight ratio of 87/13 wt/wt and different polymer concentrations (4 and 6% wt/wt, respectively). Briefly, the solution was kept at 60˚C and subsequently poured into a cylindrical high density polyethylene mold. Then the mold was sealed and placed in a thermal bath at 0˚C for 10 min. Quenching was conducted via immersion in an ethyl alcohol bath at a temperature of -20˚C for 15 min in order to freeze the structure.
The obtained samples were removed from the mold and washed in deionized water for 24 h to eliminate the residual dioxane. Then, the samples were dried in a vacuum at 30˚C for 24 h. Finally, smaller samples (diameter 5 mm, thickness 1 mm) were obtained by cutting the dried samples with a surgical blade. Scaffold pore size and topography were analyzed via scanning electron microscopy (SeM; Phenom Pro X, Phenom-World; Thermo Fisher Scientific, Inc.) at 5 kV along the cross-section. astrocytes were seeded on both types of scaffold and, at well-defined culture times, cell proliferation tests were conducted.
Cells and cell culture. The present study did not use animals as the astrocytes used had already been isolated from the brain cortices of 2-day old Wistar newborn rats (Harlan, udine, italy), and frozen in a solution containing 93% heat-inactivated fetal calf serum (FcS) and 7% dimethyl-sulfoxide (both from Sigma-aldrich; Merck KGaa), as previously described (34) .
astrocytes were thawed and cultured in dMeM/Ham's F-12 (2/1), supplemented with 10% heat-inactivated FcS (Sigma-aldrich; Merck KGaa), and 100,000 units penicillin, 100 mg streptomycin, and 250 µg amphotericin B (Sigma-aldrich; Merck KGaa) per liter. The cells were then maintained in humidified 5% CO 2 /95% air, at 37˚C. To assess astrocyte purity, cells were cultured on coverslips, fixed with 96% ethanol on ice for 10 min and permeabilized for 5 min with 0.1% Triton X-100 in PBS. cells were then incubated with polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibodies (Sigma-aldrich; Merck KGaa; cat. no. G9269; used at 1:200 dilution).
Subconf luent cultures were plated on scaffolds (100.000/scaffold; 5,000 cells/µl of medium), previously sterilized with 70% ethanol in a vacuum for 24 h and pretreated for 1 h with Coll type I (Coll I; final concentration 1 µg/µl; Sigma-aldrich; Merck KGaa) in 0.01 M cH 3 cooH, or coll type iV (coll iV; Sigma-aldrich; Merck KGaa; 31 µg/µl) in 0.05 N HCl, or with fibronectin (0.05 µg/ml) in Ham's F-12.
after incubation at 37˚c and 5% co 2 for 90 min to promote cell adhesion (35-37), each scaffold was transferred to a well of a 24-well plate and fresh medium was added.
Immunofluorescence. cells were fixed in 96% ethanol, and immunostained with rabbit anti-GFaP antibodies (Sigma-aldrich; Merck KGaa; cat. no. G9269; used at 1:200 dilution). The secondary antibody was rhodamine-isothiocyanate-conjugated anti-rabbit-igG (Sigma-aldrich; Merck KGaa; cat. no. T6778; used at a 1:100 dilution). nuclei were stained with 4',6-diamidino-2-phenylindole dihydrochloride (H1200; Vector Laboratories, Inc.). Cells were finally observed under a fluorescence microscope (Olympus BX-50).
Cell proliferation assay. cell proliferation on scaffolds was evaluated via cell counting Kit-8 (ccK8; Sigma-aldrich; Merck KGaa); a sensitive colorimetric kit containing WST-8, a salt reduced by mitochondrial dehydrogenases to orange formazan, used to evaluate the absorbance at 450 nm. at each time-point, scaffolds were transferred into other wells and each sample was incubated at 37˚C and 5% CO 2 for 3 h with 500 µl of the 1:10 diluted reagent in fresh medium. after incubation, the medium was collected and analyzed with a spectrophotometer at an absorbance of 450 nm. The assays were carried out in triplicate for each time-point. non-seeded scaffolds were used as the negative controls in each measurement.
Viability assay. The general condition of cells was evaluated by acridine orange/ethidium bromide (ao/etBr) staining, using fluorescence microscopy (Olympus BX-50), in order to identify apoptotic and/or necrotic cells. cells were washed with PBS and stained with ao/etBr solution (concentration of each compound: 100 µg/ml in PBS). counting of viable cells was performed after dividing each picture into quarters. cells in each quarter were counted by two different operators. Finally, the values were used to calculate a mean value.
Transmission electron microscopy (TEM).
For ultrastructure evaluation with a Te microscope, cells plated on scaffolds were placed for 1 h at 4˚C in 4% glutaraldehyde buffered with 0.05 M sodium cacodylate (pH 7.3), followed by post-fixation in 1% osmium tetroxide. Subsequently, after rinsing, all specimens were progressively dehydrated in ethanol solutions, cleared in propylene oxide and embedded in epon resin. Thin sections were stained and examined in a Jeoll 1400 Te microscope operated at 80 kV.
SEM. Seeded scaffolds were fixed in 4% glutaraldehyde for 30 min at 4˚C, rinsed in PBS and finally dehydrated through a graded series of ethanol (15, 30, 50, 70 , 90 and 100%, for 3 min each). after complete dehydration, the scaffolds were mounted on an aluminum stub, coated in gold and observed using SeM (Phenom Pro X, Phenom-World; Thermo Fisher Scientific, Inc.) at an accelerating voltage of 10 kV.
Statistical analysis. all of the experiments were repeated three times for each time-point. data were expressed as the mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism software version 8.0 (GraphPad Software, inc.). Multiple comparisons were assessed by one way analysis of variance with post hoc Bonferroni multiple analysis and for comparisons between two groups data were analyzed by Student's t-test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1 presents the morphologies of the resulting scaffolds. although in both cases porous structures were obtained, evident differences in terms of morphology were detected between the two types of samples. as expected, both samples presented a very low average pore size, but a higher level of pore interconnection was observed in the 6% samples when compared with the 4% group. At a higher magnification ( Fig. 1c and d) , it is clearly visible that the pore walls of the 6% scaffolds are considerably thinner and, consequently, had a more open structure. on the other hand, when observing the pore morphology of the 4% samples, it would seem that nucleation and growth mechanism have occurred. Fig. 1e presents the absorbance values of astrocytes grown on the two different types of scaffolds at the different time-points analyzed. When considering the whole period (except for T0), the number of cells on the 6% scaffold was higher when compared with the 4% scaffold. Based on this experimental evidence, the present study utilized the 6% scaffolds for the subsequent studies and analyses. a preliminary analysis was also conducted to evaluate which substrate was the most suitable for the assessment of the adhesion and growth of astrocytes on the scaffolds. The low concentration of astrocytes and their non-homogeneous distribution on the scaffolds pretreated with coll i (data not shown), together with the fact that the ecM of the nervous tissue is rich in coll iV and Fibronectin (Fn), led to the selection of the latter substrates for use in the subsequent experiments.
Results
To verify whether the scaffolds coated with coll iV or Fn provided adequate support to the cells, the present study evaluated the cell proliferation by ccK8 assay (Fig. 2) and cell viability by ao/etBr staining (Fig. 3) . The analysis of the growth curve evidenced that astrocytes adapted better on coll iV than on Fn. images taken at various time-points revealed that the cells were viable over a time interval of 22 days in culture (Fig. 3) . Furthermore, a preference for coll iV, compared to Fn, was also visible; cell viability on coll iV was higher at all of the time-points (for example: coll iV 96±4%; Fn 83±9%, at 22 days of culture), and the differences were significant (P<0.01). Astrocyte morphology on the Plla scaffolds was also visualized by TeM. The images obtained confirmed that the cells colonized inside the porous matrices (Fig. 4a) , although those that remained on the surface were also abundant (Fig. 4B) .
electron microscopy images provided further evidence of cell attachment onto the scaffold. cells appeared well differentiated with their typical elongated shape and long processes (Figs. 4B and 5a ). The cell body contained an irregularly round or oval nucleus, and the cytoplasm around the nucleus was abundant. The nucleoplasm of astrocytes was finely granular and of moderate density. It was evenly distributed through the nucleus, except for at the edge of the nuclear profile where it aggregated into clumps just under the nuclear membrane (Fig. 4B) .
in the TeM micrographs, migration into the scaffold was easily detectable. astrocytes can be seen throughout the homogenously distributed pores between polymer fibers. The interaction between the cells and scaffold as well as the star-like shape of the cells are visible in Fig. 5 . at the same time, astrocytes formed intercellular junctions, including contacts between cell processes from distal astrocytes (arrows in Figs. 4 and 5) .
astrocyte morphology was also analyzed by staining the cells with antibodies against GFaP, an astrocyte-specific member of the intermediate filament family of proteins (Fig. 6) . after 20 days of culture, the astrocytes began to assume their classic 'starry' morphology, with longer and thinner extensions, Figure 1 . Scanning electron microscopy micrographs of the produced Poly-L-lactic acid scaffolds. The 4% scaffold at a (A) lower and (C) higher magnification (magnification, x400 and x800, respectively). The 6% scaffold at a (B) lower and (D) higher magnification (magnification, x400 and x800, respectively). Scale bars, (a and B) 200 µm, and (c and d) 100 µm. (e) cell proliferation evaluation. astrocytes were grown in the different scaffolds, at the indicated time-points, proliferation was evaluated by cell counting Kit-8 assay. as it normally occurs in vivo (Fig. 6B) . This phenotype is especially evident if the cells are kept in culture for a sufficiently long period of time (20-25 days) . interestingly, when grown in 2D, astrocytes maintain a more flattened shape, less similar to the in vivo shape (Fig. 6a) .
A final important point was the observation that astrocytes grown on the 3d Plla scaffold were able to produce eVs, as shown by both TeM and SeM analyses (Figs. 7 and 8 ). in Fig. 7a-d , some invaginations of the plasma membrane and small vesicles adjacent to the cell surface, or immediately outside the cell, were observed. in addition, intracellular membrane-bound bodies known as MVBs, with vesicles inside were clearly identifiable (Fig. 7B, arrow) . The production of vesicles was also evident in the SeM analyses (Fig. 8) .
Discussion
in the last few decades it has become more and more accepted that glial cells have more functions than expected. astrocytes, in particular, contribute to the majority of neuronal activities, from recapturing neurotransmitters to the transfer of critical metabolites, such as lactate (38) . interestingly, astrocytes do not behave like single cells, but, thanks to a net of long intercellular contacts based on gap junction channels (39,40) formed by connexins (41), they seem to constitute networks embracing neurons; these networks may control many aspects of neuronal metabolism, such as ion and water transport, and energy metabolite exchange, probably in a synaptic activity-dependent manner. notably, neuron-glial cell communications are possibly also mediated in both directions by eVs (5) . Most importantly, vesicle production by glial cells seems to be regulated by neurotransmission (42) . To date, many reports have suggested that astrocytes cultured under 2d conditions, although they are able to attach to the substrate, to grow and to express the astrocyte-specific GFAP, do not assume all of the morphological and functional properties of astrocytes in vivo. For this reason, the present study decided to set a 3d system more similar to the tridimensional environment of the brain. in particular, a Plla scaffold was used as many cell types have already been shown to be able to grow on this substrate and to metabolize it (43) . The Plla matrix was first prepared starting from two different concentrations of polymer in the solution. at different initial concentrations, the polymers obtained showed different morphologies. Scaffolds with pores of an average size of <20 µm, formed from a 6% starting solution, had the best effect on astrocyte survival and adaptation.
another set of experiments aimed to identify the biological macromolecules able to improve cell adhesion on the scaffolds. To this end, immediately before cell seeding, the scaffolds were treated with two different substrates (coll iV and Fn). The results demonstrated that the best degree of adhesion could be obtained with coll iV-coated scaffolds, though Fn also had a good effect on astrocyte survival. These results agree with a previous study, which demonstrated that astrocytes showed only moderate affinity for surfaces covered with FN (44) . In addition, in another study coll was demonstrated to support both initial adhesion and the growth of astrocytes because of its favorable gelation properties, the presentation of bioactive adhesive sites, and the ability to be remodeled by astrocytes (18) .
accordingly, the present study revealed that astrocytes adhere to coll iV-coated scaffolds, and are able to grow on them and to colonize the matrix, acquiring a typical star-like morphology. in addition, they formed cell contacts both at the level of the cell bodies, and among their long and thin processes.
in addition, they also secrete eVs, compatible in size with exosomes. Their ability to produce exosomes was demonstrated by both TeM and SeM analyses, which revealed eVs and intracellular MVBs. This observation is of the most importance as it confirms that, as proposed years ago (14) , astrocytes can produce eVs even in cell culture. it is now well recognized that all of the brain cell types release exosomes in vivo (5, 45, 46) , and that these particles can also be transported across the blood-brain barrier (47) . at present, we do not know whether the amount of eVs produced by astrocytes in the scaffold was comparable with the amount of eVs released in 2d cultures nor whether it was comparable with the amount of eVs released in vivo by comparable numbers of cells; similarly, we currently do not know the composition of eVs released from astrocytes in our culture system. However, once established, a 3d scaffold such as that described in the present study, appears to work well for astrocytes; future experiments are already in progress, aiming to compare the rate of production and the components of astrocyte-derived eVs, in vivo and in culture. These experiments will be run in parallel with the attempt to co-culture astrocytes with other brain cell types. in our opinion, it is unlikely that the properties of eVs released from astrocytes cultured alone are completely comparable with those of eVs produced in vivo; many researchers have already proposed that eV properties are as a result of continuous cross-talk between all of the different brain cell types (48) .
For the development of these complex systems, the availability of a stable 3d model for brain cell culture was an essential starting point. The use of polymeric structures as substrates able to drive cell behavior and to reproduce tissue environment has widely diffused in the last few years (49) . The present study proposes that Plla scaffolds constitute a good model for the 3d growth of astrocytes. The main advantage of using Plla is that it relies on its properties, including biocompatibility, processability, and degradation rates. in addition, this polymer is characterized by long biodegradation times (~1 year) (28, 50) , that could allow for the performance of long-term in vitro tests. As a further contribution to the field, the present study presents a simple and feasible modelling method which allows to tune the properties of the scaffold in terms of pore dimensions. However, the model requires further improvements and upgrading in further studies.
in conclusion, the results of the present study together with those obtained in the previous analysis on Bcecs (29) , suggest that the chosen conditions could be a good starting point for the preparation of 3d brain cell co-culture systems, more suitable for studying brain cell-cell interaction routes, including the physiology of eV production and delivery.
